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Abstract

The effect ofa-SiC-lining segmentation on the failure probability of a gun-barrel lining during single-shot and burst firing
events has been studied by combining finite-element method based thermo-mechanical calculations with the Weibull statistical
structural reliability analysis. The results obtained reveal that, due to a fiaiciet slippage near the barrel ends and due-to
SiC-lining/CrMoV-steel-jacket thermal-expansion mismaitch, tensile axial stresses develop in both single-piece and segmented
ceramic liners near the barrel ends. These stresses can become sufficiently high, particularly during the burst firing case, so that
they can induce formation of the circumferential cracks and, in turn, lining failure. The lining failure probability has been
computed for a single-round and a ten-round burst firing mode. Lining segmentation is found to be beneficial, particularly in the
ten-round case where it can reduce the lining failure probability by as much as 18%.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction Experimental investigations of the ceramic-lined gun
barrels carried out over the last two decades have
established that(a) «-SiC, SiN, and SiAION (a
SizN,+ Al 0 5 solid solution gun-barrel ceramic liners
show the best performance and are capable of surviving
at least 1000 rounds in the single-shot mode and over
100 rounds in the burst-firing mode of conventional
gmmunition with standard M2 propellant in a 0.50
caliber machine gunfb) the primary failure mode in
these barrels is the formation of circumferential cracks
near the barrel ends; and) only «-SiC liners have so
far been tested in single-shot and burst firing modes
using specially designed ammunition and the JA-2 high-
energy propellan{flame temperature~3450 K) in a
25-mm-bore gun barrel. This propellant gives rise to a
~17% increase in the projectile velocity at the muzzle-
end of the barrel relative to that attained using the
standard M2 propellant. TheseSiC liners also suffer
from formation of multiple circumferential cracks near
the breach and muzzle ends with the first crack being

It is generally recognized, e.@1] that CrMoV-based
steels which are traditionally used for large-caliber gun
barrels operate near their limits of thermal cracking and
melting erosion resistances during long-burst firing. This
is particularly true when advanced high-energy propel-
lants are used. One of the approaches to enhancing th
performance of such guns is the use of hybrid gun
barrels consisting of a ceramic liner and a steel jacket.
Due to their high melting temperatuteontrols melting-
erosion resistange high hot-hardnesgcontrols wear
and erosion resistancesand chemical inertnescon-
trols corrosion-erosion resistangeceramics appear as
quite attractive materials in barrel liner applications.
However, ceramics suffer from a lack of fracture tough-
ness and tensile strength, which currently limits their
wide use in advanced gun barr¢xs3].
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were ‘tight’ (no evidence of gas leakage to the steel of the projectile and obtuator galling. In addition, radi-
jacked and they did not apparently degrade the gun ation can be significant in the breech region. Through
performance. In fact, burst-firing tests were terminated the use of plastic obtuators, the contributions of friction
not due to degradation of the barrel lining but due to and galling to gun barrel heating can be reduced to a
excessive erosion in the non-lined CrMoV-steel barrel level at which they can be considered as insignificant.
extender{4]. Moreover, since the contribution of radiation is very
In our recent worl{5], a combined thermgimechan-  small along the major portion of the gun-barrel length,
ical finite element analysis of hybri&-SiC ceramic it is generally not included in the analysis of barrel
lining/CrMoV-steel jacket gun barrels was carried out heating. In other words, such an analysis generally
in order to understand the origin of lining failure during includes forced convection heat transfer at the interior
single-shot and burst ballistic events. It is found that, as barrel surface, heat conduction through the barrel wall
the steel jacket heats up and expands during a firingand natural convection and radiation heat transfer at the
cycle, it pulls on the ceramic lining causing the ends of outer barrel surface.
the lining to be subjected to axial stress levels as high The computation of forced-convection boundary con-
as 280 MPa and 350 MPa for the single-shot and burstditions (the film temperature and the heat transfer
firing events, respectively. Under such high levels of coefficiend at the interior barrel wall is carried out in
tensile stresses, the application of the Weibull structural the present work using the following two computer
reliability analysis yielded the corresponding failure codes:(a) the XKTC one-dimensional internal ballistic
probabilities of 0.002 and 0.0121. These findings are code[7] which provides spatial and temporal evolution
found to be consistent with the experimental results of the film temperature, pressure and gas velocity during
which showed that formation of axial cracks occurs a single-shot firing event andb) the XBR2D code[8—
after ~1000 single-shot rounds and after100 burst  11] which enables the calculation of the pressure, gas
rounds[6]. velocity, and compressibility dependent convective heat
In the present paper, a combined thermaéchanical  transfer coefficient. A detailed description of such cal-
finite element analysis is integrated with the Weibull cylations can be found in our recent wof] and
structural reliability analysis in order to assess the effect therefore will not be repeated here. In addition, all input
of lining segmentation on the failure probability of the parameters used in the calculations of thermal boundary

lining. It has been suggestel] that, if the ceramic  conditions at the inner surface of the gun barrel can be
lining is composed of several cylindrical segments found in Table | of Grujicic et al[5]

stacked next to each other, the level of tensile axial
stresses which can be built inside each segment and
hence, the failure probability should be reduced relative
to that in the corresponding single-piece lining.

The organization of this paper is as follows: a proce-  The design of ceramic components differs from that
dure used to calculate boundary conditions at the interiorfor components made of ductile metals due to the
surface of the gun barrel needed in the finite-element inability of ceramics to redistribute high local stresses
analysis of gun barrel heating during single-shot and induced by the inherent flaws. The random nature of
burst firing is presented in Section 2.1. A brief overview the size and orientation of flaws and the resulting
of the structural reliability analysis and its application absence of a unique strength in ceramics demand a
to gun barrels during single-shot and burst firing is probabilistic approach in the design involving these
given in Section 2.2. Thermal and mechanical finite materials. The strength response of ceramic materials is
element analyses of the behavior of gun barrels contain-generally well represented using the weakest link con-
ing single-piece and segmented linings during single- cept within which the ceramic component under consid-
shot and burst firing events are discussed in Section 2.3.eration is modeled as a series of linkss in a chain
The main findings obtained in the present work are The weakest link concept was first used by WeiljaiR]
presented and discussed in Section 3. The key conclu-and subsequently by Batdorf and Crdde] to derive
sions resulting from the present work are given in stress volume- and stress area-integrals to predict the

2.2. Reliability analysis of structural components

Section 4. failure response of ceramic materials. These integrals
take into account the fact that failure is not necessarily
2. Computational procedures governed by the most highly stressed location in a

component (the presence of potent stress-enhancing
2.1. Determination of thermal boundary conditions at flaws plays an equally important roldut rather by its
the inner surface of the gun barrel entire stress field. Another importafand experimen-
tally establisheyl phenomenon captured by the weakest
During a firing cycle, the gun barrel heats up due to link theory is that the strength of a component decreases
forced convection of hot combustion gas, sliding friction with an increase in its volume apdr surface area.
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the orientation of the flaws is considered. The effect of Pis=1—ex
multi-axial stress states is handled by either averaging

the normal stressefl2] or by using the principle of  where
independent action within which each tensile stress
contributes to the failure probability as if no other f
stresses were presdid#4,19. The theory of Batdorf and ;
Crose[13] combines the weakest link approach with the 06°= (4)
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!

Within the Weibull theory, the effect of size but not P
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theory of linear elastic fracture mechanics. Consequently,
effects of both the flaw size and the flaw orientation
relative to the applied stress are included. The model of
Batdorf and Crose was subsequently extended by Bat-
dorf and HeiniscH16] to include mixed-mode fracture.
The reliability of hybrid «-SiC-lining/CrMoV steel-
jacket gun barrels is analyzed in the present work using
the Weibull structural-component reliability theory.

Phenomenological observations suggest that the fail-
ure of monolithic-ceramics is consistent with the weak-
est-link principle. The weakest link principle is readily
understood by analyzing a chain which, as is being
pulled, will fail catastrophically when its weakest link Pfs=1—exp{J ((gg's+ o'gS)/ogg)dA (5)
breaks. The reliability of such a chain is given as the A

links. For failure controlled by surface defects as in the (5) provided they are tensile. Otherwise, each compres-
present case, WeibullL2] derived the following expres-  sjye principal stress is set to zero in this equation.
sion for the probability of failure,P:s, of a ceramic

The line integration in Eq.(4) is performed in a
principle stress area over the drof a unit circle over
which the projected normal stress, is tensile. The
multiaxial Weibull scale parameter,,s is found to be
a simple function of its uniaxial counterpart,s [12].

Barnett and Freudenthdll4,19 subsequently pro-
posed the principle of independent action to predict
material behavior under multiaxial stress conditions as:

component loaded in uniaxial tension: 2.3. Finite element analysis
_1_ _ —1_ _ 2.3.1. Description of the problem
Pre=1 exp{ [Ns(o)ds} 1-exd—5d @ A schematic of a gun-barrel assembly used for testing

i i «-SiC barrel liners under single-shot and burst-firing
where S is the component surface, subscript S denotes ,o4es is shown in Fig. 1. The barrel is 355.6 mm long

surface dependant tgrm&’s((r') is commonly referred a5 g 25.0-mm bore and theSiC lining is 3.175 mm
to as the crack density function amd is the so-called  ihick . |n the present work, the-SiC lining is considered
risk of rupture. The following two-parameter power-law 5 pe either a single-piece insert or to be composed of

function for Ns(c) is generally used: five individual cylindrical segments each 71.12 mm
o\ long. The wall thickness of the steel jacket is approxi-
Ng(o)= ( - : J (2 mately 25.4 mm. As shown in Fig. 1, the barrel assembly
oS

also includes anon-lined steel barrel extender and a
where o5 is known as the scale parameter and corre- steel shank. Minor components in the barrel assembly
sponds to the stress level up to which 63.2% of speci- such as set screws, compliant washers and a seal are
mens with unit surface area would fracture and it has not shown to keep the figure simple. Also, a 0.15-mm-
dimensions stress(area’”’s where mg is the shape thick lining/jacket compliant interlayer made of copper
parameter(also referred to as the Weibull modulus or (often employed to reduce point-type contact stresses at
Weibull slope and is a measure of the degree of strength the liner/jacket interfacg is not shown. Since point-
dispersion. The Weibull statistical parametesgg and type contact stresse@ontrolled by roughness of the
ms, for a given ceramic material are generally dependant contacting surfacesare not modeled within the present
on the testing temperature, specimen geometry, loadingwork, the compliant copper layer is not considered.
type and the material’s processing history and micro- In order to attain a triaxial compressive stress state in
structure. These parameters for theSiC gun-barrel  the ceramic lining, the steel jacket is typically placed
lining material have been evaluated in our recent work over it using a shrink-fit process. Within this process,
[5] using the fracture data for O-ring specimens tested the jacket is heated to a sufficiently high temperature in
in diametral compressiol6]. order to expand its bore and slid over the tubular ceramic
To predict material response under multiaxial stress lining. Since the(ambient temperatuyjeceramic-lining
conditions, Weibull [12] proposed the normal stress outer diameter is larger than tlfambient temperatuye
averaging method as: steel-jacket inner diameter, the lining prevents a com-
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Fig. 1. A schematic of the hybrid ceranjsteel gun barrel.

plete contraction of the jacket during cooling and the atures of the ceramic lining and the steel jacket are set
resulting hybrid ceramitsteel tube develops residual to room temperature(298 K). A heat transfer by
stresses. In particular, since the steel jacket is preventecconduction is considered to take place throughout the
from fully contracting by the ceramic lining, it acquires solid material while heat exchange between the solid
a tensile stress state. Conversétyiaxial) compressive  and the surrounding is taken to be controlled by con-
residual stresses develop in the ceramic lining. Sincevection and radiation. The boundary conditions are set
the ability of ceramics to withstand compressive stressesas follows. At the outer surface of the barrel, as well as
is at least an order of magnitude higher than their tensile along the barrel edges, the film temperature, the natural-
strength, it is generally desirable to maximize the level convection heat transfer coefficient and emissivity are
of compressive residual stresses in the lining. The set to fixed values. Along the inner surface of the barrel,
maximum achievable level of residual stresses in ceram-the film temperature and the forced-convection heat
ic linings is typically limited by at least two factorga) transfer coefficient are taken to evolve temporally as
tensile contact stresses at the ceratwiieel interface, if  predicted by calculations based on the combined use of
sufficiently high, can give rise to crack formation in the the XKTC and XBR2D code$Section 2.). Along the
ceramic lining and;(b) the maximum temperature to same surface, emissivity is set to a fixed value.

which the steel jacket is heate@vhich controls the A schematic of the model used in the mechanical
level of residual stressgss limited by the requirement  finite element analysis is shown in Fig. 2b. In the initial
that no significant changes in the steel microstructure condition, the ceramic lining and the steel jacket are

take place during the shrink fit process. both taken to contain residual stresses introduced by the
shrink-fit process and to be both at room temperature.
2.3.2. Formulation of the problem As time progresses during a firing event, differences in

Development of the stresses during single-shot andtemperatures and thermal expansion coefficients of the
burst-firing events is modeled in two stepéa) a ceramic lining and the steel jacket give rise to the
transient heat transfer analysis is first carried out in formation of thermal stresses.-SiC is modeled as a
order to determine the temperature evolution during the linear-elastic isotropic material while the CrMoV steel
firing events; and(b) an elastic—plastic mechanical is modeled as a linear elastperfectly plastic isotropic
stress analysis is next conducted in order to computematerial. Plasticity in the steel jacket has been modeled
the corresponding evolution of stresses in the hybrid using the J deformation theory. Temperature dependent
ceramig’steel gun barrel. Decoupling of the thermal mechanical properties ok-SiC and the CrMoV steel
analysis and the mechanical analysis is justified since,used can be found in Table II of Grujicic et §].
due to a low extent of plastic deformation in the barrel  The contact interactions between the ceramic lining
and limited slippage at the ceranjiteel interface, the and the steel jacket as well as between the adjacent
contribution of the plastic strain energy and friction segments of the lining are modeled as follows. No
dissipated as heat to the energy conservation equatiorpressure is allowed to be transmitted between the con-
(solved during the thermal analysits expected to be tacting bodies until the corresponding surfaces contact
minimal while the effect of temperature on the mechan- each other. Sliding, i.e. relative motion of the two
ical materials properties can be incorporated directly in surfaces of a finite magnitude, is allowed to take place
the mechanical analysis. All calculations are carried out and a fixed value(=0.3) of the friction coefficient is
using the commercial finite element package ABAQUS assumed.

Standard[17]. Values of the materials properties used The finite element mesh used in both thermal and
can be found in Table Il of Grujicic et al5]. mechanical analyses is shown in Fig. 2c. It should be
A schematic of the model used in the thermal analysis noted that in order to improve clarity, only one-fifth of
is shown in Fig. 2a. In the initial condition, the temper- the computational domain in the axial direction is shown
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Fig. 2. Models for:(a) thermal and(b) mechanical finite element analyses dwl the finite element mesh used in the present work.

in Fig. 2c. The computational domain is partitioned into produced by a shrink-fit process in which the steel
2400 eight-node quadrilateral axisymmetric elements jacket is heated to a temperature of 973 K and slid over
(DCAX8 ABAQUS elements for the thermal analysis the ceramic lining. For brevity, details of these finite
and CAX8 ABAQUS elements for the mechanical anal- element analyses are not presented in the present paper.
ysis). Eight hundred of these elements are located in the Contour plots of the axialo,,) residual stress in the
ceramic lining(equally distributed between five lining hybrid «-SiC/CrMoV steel gun barrel induced by such
segments and the remaining 1600 in the steel jacket. a shrink-fit process are shown in Fig. 3a,b for single-
In addition, in order to obtain the information about in- piece and segmented linings, respectively. Only the
plane stresses at the linifjgcket interfacdused in the  results for the axial stress are presented here since this
surface-flaw controlled structural reliability analysis of stress is found to control formation of the circumferential
the ceramic lining, a one layer thick row of three-node cracks [5]. It should be noted that only the results
membrang MAX2 ABAQUS) elements is placed along pertaining to the left-most quarter of the barrel length
this interface. These elements are assigned the mechancthe quarter adjacent to the muzzle end of the barrel
ical properties otx-SiC and their thickness is chosen to are displayed in Fig. 3a,b. Due to symmetry of the
be very small(0.00001 mm in order to minimize their initial and boundary conditions used in both the thermal
effect on the stress results. Moreover, since high-gradi-and the mechanical analyses of the shrink-fit process,
ents of the stresses are localized to a region adjacent tahe results are symmetric about the plane bisecting the
the lining/jacket interface, mesh refinement is employed barrel in the axial direction. For the single piece lining,

in this region. the residual stressdghe results not shown for brevity
are effectively independent of the axial coordinate over
3. Results and discussion approximately one-third of the barrel length in the mid-
section of the barrel. In the case of a segmented lining,
3.1. Effect of lining segmentation on shrink-fit induced however, the stresses are slightly affected by the pres-
residual stresses ence of segmepisegment contact surfaces. It should be

noted that in order to denote the location of the segrent
In this section, the thermal and mechanical finite segment interface, a line traversing the entire barrel wall
element analyses described in detail in Grujicic et al. thickness has been drawn at the appropriate axial posi-
[5] are used to study the effect of lining segmentation tion in both single-piece and segmented liners. Further-
on the distribution and the magnitude of residual stressesmore, to improve clarity, the aspect ratio in Fig. 3a,b
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Fig. 3. Distributions of the residual axial stress induced by a shrink-fit process in gun-barrels with) single-piece an@b) segmented ceramic
lining. Adjacent contour lines are 1000 MPa apart.

(and in the subsequent figures containing contour plots ones displayed in Fig. 3a,b, obtained by the finite

is increased in the direction by 50%. element modeling of the shrink-fit process are intro-
A simple examination of the results shown in Fig. duced, as initial stresses, in the present finite element

3a,b reveals that almost the entiteSiC lining is analysis of the development of thermal stresses in the

subjected to compressive axial stresses. Only a smallgun barrel during single-shot and burst-firing events

region at the end of the barréthe left edge in Fig. using a SIGINI Abaqus User Subroutih#7].

3a,b is under a tensile axial stress whose maximum

value is 254.8 MPa and 255.2 MPa, for the single piece 3.2. Effect of lining segmentation on probability for

and segmented linings, respectively. These levels of thelining failure

tensile stress are relatively small in comparison to the

maghnitudes of the compressive circumferential and radi- 3.2.1. Single-shot firing mode

al stress in the same regidapprox. 460 MPa and 75 The variation of the film temperature and the forced-

MPa) for both types of lining. Thus, lining sections near convection heat-transfer coefficierfbbtained respec-

the barrel ends, like the rest of the lining, are initially tively using the XKTC internal ballistic cod€7], and

under hydrostatic compression, but of a lower magni- the XBR-2D heat transfer cod8—10) along the barrel

tude. Furthermore, the results shown in Fig. 3a,b suggestength at several different times following a single-shot

that lining segmentation does not significantly affect the ballistic event for a single-piece lining are shown in Fig.

distribution and the magnitude of residual stresses nearda,b, respectively. Lining segmentation is found not to

the barrel ends. The residual stress results, such as thaffect these results to any significant extent. The results
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Fig. 4. Variations of:(a) the film temperature an¢b) the forced-convection heat transfer coefficient along the inner surface of the barrel as a
function of time during a single-shot firing event for a single-piece lining.
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Fig. 5. Variation of the temperature at the inner surface of the steel jacket as a function of time following the firing of the last hptafor:
single-round andb) a 10-round ballistic event.

shown in Fig. 4a indicate that it takes approximately 5 maximum temperature experienced by the portion of the
ms for the heat wave resulting from propellant combus- steel jacket near the liningacket contact surface during
tion and projectile motion to traverse the barrel length. a single shot event is approximately 1330 K and that
At times longer than approximately 6 ms following the this occurs near the muzzle end approximately 1 s after
ignition, the film temperature distribution along the ignition. In addition the results displayed in Fig. 5a
barrel length is quite uniform and decreases monotoni- show that, as time following the ignition increases, the
cally with time. heat generated during combustion of the propellant and
The forced-convection heat-transfer coefficient results due to friction at the projectilbarrel contact surfaces
displayed in Fig. 4b indicate that the values of this propagates from the inner surface of the barrel into the
coefficient vary over a large rangédetween 135 W barrel interior and along the barrel length. However, the
m? per K corresponding to its value for natural convec- rate at which the heat wave propagates into the barrel
tion and ~380 000 Wm? per K over a middle section interior is considerably lower than that for the film-
of the barrel at a time of 5 ms following the ignition ~ temperature wave, Fig. 4a. This finding can be readily
It should be also noted that only a minor increase in the explained. Using a volume-averaged thermal conductiv-
heat transfer coefficient relative to its natural-convection ity of the cerami¢steel hybrid barrel and the convective
value occurs during the first two microseconds following heat transfer coefficient results shown in Fig. 4b, the
the ignition. Lining segmentation is found not to affect Biot number, (which is defined as a ratio of the
these results to any significant extent. conduction and convection heat-transfer resistantes
The film temperature and the heat-transfer coefficient been found to be as high as 170 for the largest values
results displayed in Fig. 4a,b are used as time-dependanbf the forced-convection heat transfer coefficient. Such
boundary conditions along the inner surface of the barrel a large value of the Biot number implies that, at the
for the thermal finite element analysis of a single-shot times shortly after ignition, when the forced-convection
ballistic event. This is accomplished by incorporating heat transfer coefficient is very large, the heat transfer
the results shown in Fig. 4a,b into a FILM Abaqus User is conduction controlled and, hence, the rate at which
Subroutine[17]. the barrel interior heats up is considerably slower than
Since thermal expansion of the steel jacket, brought the rate at which the film temperature evolves along the
about by the heat generated during a ballistic event, andinner surface of the barrel.
the subsequent development of the axial tensile stresses The distribution of the axial stress;,,, throughout
in the ceramic lining near the barrel edges are found to the wall of the hybrid ceramjtsteel gun barrel near the
be the main cause for lining failui&], the distribution barrel ends at a time of 1 s following a single-shot
of the temperature and its time evolution in the steel ballistic event for the single piece and the segmented
jacket at the liningjacket contact surface are shown in linings are shown in Fig. 6a—d, respectively. As previ-
Fig. 5a. The results shown in Fig. 5a indicate that the ously shown in Fig. 5a, at this time instant, thermal
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Fig. 6. Distributions of the axial stress near the muzzle and breech ends in barrels with a singlejieaed a segmentett,d) lining at a
time of 1 s following a single-round firing. Adjacent contour lines are 1000 MPa apart.

expansion of the portion of the steel jacket in contact statistical parameters fer-SiC assessed in our previous
with the ceramic lining is the largest. The axial stress is work [5], the overall probability for failure of the lining

of particular interest since, as disclosed earlier, failure during a single-shot ballistic event is computed as
of the ceramic lining is generally caused by formation 0.0025 and 0.0023 for the single-piece and segmented
of the o,-induced circumferential cracks. The results linings, respectively. Thus, as suggested earlier, the
shown in Fig. 6a—d indicate that regions of the ceramic probability for lining failure during a single-shot ballistic
lining at the lining/jacket interface adjacent to both the event is reduced by lining segmentation, but the effect
muzzle and the breach ends of the barrel are subjecteds rather meaget~ 8%).

to tensileo ,, stresses. Hence, there is a finite probability

for the formation of circumferential cracks in these 3.2.2. Burst firing mode

regions of the ceramic lining. Furthermore, circumfer-  In this section, the thermal and mechanical finite
ential cracks are most likely to nucleate at the lining element analyses are used to study the effect of lining
jacket interface where the tensite,, stresses are found segmentation on the development of thermal stresses
to have the highest values. This finding is in excellent during a ten-round(bursd ballistic event. The firing
agreement with the experimental observations, . rate is set to 10 roundmin so that one round is fired
The largest values aof,, in the lining at the breach and every 6 s. Due to a relatively low firing rate and the
the muzzle barrel ends are found to bel70.0 MPa  fact that the film temperaturéFig. 49 is very close to
and 384.6 MPa in the single-piece lining and 170.1 MPa the room temperature at the time of 6 s following
and 376.1 MPa in the segmented lining, respectively. ignition, the film temperature and the forced-convection
This finding suggests that the likelihood for formation heat transfer coefficient for the burst ballistic event are
of circumferential cracks is significantly higher at the assumed to be a periodic function of time with a period
muzzle end, which is also consistent with the experi- of 6 s. The values of these two quantities over one 6-s
mental findings, e.g.[2]. In addition, segmentation period are next assumed to be identical to the ones
reduces the magnitude of the maximum tensile stress indisplayed in Fig. 4a,b, respectively, over the same time
the lining, although the effect is not major. period.

To quantify the likelihood for lining failure along the The distribution of the temperature in the steel jacket
lining/jacket interface, the variation of the surface-flaw along the liningjacket interface at the times of 0.3 s, 1
based(elemental risk of rupture is computedusing s and 3 s after the firing of the tenth round are shown
Egs.(1) and(5) at the centroids of membraieeramio in Fig. 5b. A comparison of the results for a single-
element} and plotted as a function of the distance from round ballistic evenfFig. 58 and for a 10-round event
the breech end. The results displayed in this figure show (Fig. 5b) indicates that the temperatures in the later
that, as anticipated, the risk of rupture takes on the case can be higher by as much as 300 K and that the
largest values near the barrel ends and peaks at thenuzzle end is exposed to the highest temperature
muzzle end. Using Eq(5) and the Weibull materials (~1600 K).
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Fig. 7. Variation of the surface-flaw based risk of rupture in the ceramic lining at the fjaickgt interface with distance from the breach end
of the barrel at a time of 1 s following the firing of the last round fGa single-shot andb) burst firing modes.

The results displayed in Fig. 7b show the variation of the lining jacket interface. In addition, the tensile stress
surface-flaw based risks of rupture along the barrel regions extend substantially further from the barrel ends
length in both single-piece and segmented ceramicand magnitudes of the tensile stress are higher on
linings for the ten-round ballistic event, are compared average by 50—70 MPa than their single-shot counter-
with their single-shot counterparts displayed in Fig. 7a. parts (Fig. 6a—d. These findings suggest that the
The distributions of the axiatr,, stress throughout the likelihood for failure of the ceramic lining, as experi-
barrel wall near the muzzle and breech ends of the mentally observed e.d2], is expected to be higher for
barrel at a time of 1 s after the last shot has been fireda burst than a single-shot firing mode. Moreover, the
for the single-piece and segmented linings are displayedoverall probability for lining failure is increased in the
in Fig. 8a—d. It is seen that the ceramic lining near the 10-round case from 0.0025 and 0.0023 to 0.0121 and
muzzle and breach ends is still subjected to an axial 0.0099 for the single-piece and segmented linings,
tensile stress and that this stress is again the highest atespectively. Again, lining segmentation is found to be

-1000MPa

Fig. 8. Distributions of the axial stress near the muzzle and breech ends in barrels with a singl@&fieeed a segmentett,d) lining at a
time of 1 s after the tenth round has been fired.
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beneficial in reducing the lining failure probability and 0197. The authors are indebted to Drs Walter Roy, Fred
this effect can be as high as 18% in the case of a 10-Stenton and Bonnie Gersten of ARL for the continuing
round firing event. These observations suggest thatinterest in the present work. The authors also acknowl-
perhaps lining segmentation can be even more effectiveedge the support of the Office of High Performance

in longer, high firing-rate burst modes.

4, Conclusions

Based on the results obtained in the present study the

following main conclusions can be drawn:

— Thermal expansion of the steel jacket taking place
during single-shot and burst ballistic events and the
resulting development of tensile axial stresses in the
ceramic lining appear to be the main cause for failure
of the lining by formation of circumferential cracks
near the barrel ends.

Since the thermal expansion effects are more pro-
nounced during burst firing events, the likelihood for
ceramic failure is higher in this case relative to the
single-shot ballistic event case. Specifically, the fail-
ure probability for ceramic failure is increased by a

factor of ~5 in a 10-round case with a 10 rounds
min firing rate relative to that in a single shot case.

— Lining segmentation has a beneficial effect in reduc-

ing the lining failure probability, particularly in the
burst-firing mode. Specifically, the use of five iden-

tical segments in place of a single-piece lining can
reduce the lining failure probability by as much as

18% in the ten-round firing mode.

5. Nomenclature

A: surface area

Bs: surface-flaw risk of rupture

ms. Weibull modulus for surface flaws
Ng surface crack density function

Pss: failure probability by surface flaws
S: component surface area

o stress

04, 05 O3 principal stresses

o normal stress

o average normal stress

multi-axial scale parameter
oos  Scale parameter for surface flaws
Oy axial stress
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